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INTRODUCTION
Aircraft are increasingly using electronic systems to replace traditional mechanical and hydraulic systems in areas such as power conversion and actuation. In addition to the increased functionality and potential for weight saving that this offers there are a number of other drivers for the adoption of electronic systems such as reliability and serviceability. Such systems contain semiconductor devices such as Insulated Gate Bipolar Transistors (IGBTs) switching high currents and consequently having a high power dissipation. Because of the large size and weight of these systems and their high power dissipation such electronic systems may be inappropriate for installation in standard AlUNC avionic electronic racking structures and application specific installation and cooling practices are having to be developed.
Power Semiconductor Package Structures
Traditional high power electronic applications, such as in locomotive traction control systems, are based on industry standard semiconductor package configurations. Heat is conducted from the semiconductor device through the various electrically conductive, dielectric and joining layers and then through a bolted interface into an air or water cooled heatsink. The bolted intditee creates a significant resistance to heat-transfer and results in a large and heavy installation. In the example shown in figure 1 the die are soldered to a direct bonded copper (DBC) substrate which is in turn soldered to the package base. In air cooled applications the heatsink is typically extruded aluminium, although cast and fabricated heatsinks are increasingly being used in more demanding applications An application specific package with an integrated heatsink has the potential to offer greatly reduced size and weight for more demanding applications. In an integrated heatsink design the heat is still conducted through various layers, which may be the same as those in a traditional package (although the opportunity exists to change or eliminate some of the layers), but the fins are attached directly to the package baseplate as 6/ 1 is shown in figure 2. This type of structure offers the potential for substantial weight savings but the required finning will depend on both the use environment of the package and on the device power dissipation in the specific circuit design, so the device package will be application specific. In the package design discussed here the baseplate material chosen is an Aluminium/Silicon Carbide metal matrix composite (MMC) which has been developed to have a low density, low thermal expansion coefficient and high thermal conductivity woung et.al., 19991. 
FIN HEAT TRANSFER MODELLING
In the design of forced air cooling systems for electronic equipment such as computer workstations the air flow is unconstrained within the enclosure and complex 3D fluid flow models must be used to evaluate the air flow distribution within the enclosure and how it interacts with the individual semiconductor device heatsinks, e.g. [Rujano, 19981. However, in the type of high power system being considered here, the cooling air flow will be ducted to the heatsink and therefore when designing the heatsink fins consideration need only be given to two things, i.e. the cooling fin dimensions must be selected to obtain sufficient cooling and at the same time the pressure drop through the fins must be kept to a level such that the required air flow can be supplied by the cooling air supply system. Simple empirical relationships have been derived by Scott [ 19741 for such ducted flow heat transfer, which can be used to greatly simplify the heatsink design process. The major simplifying assumptions made in deriving these correlations are that: the air flow is turbulent, that the ducts are narrow compared to their height above the base and that the fins are perfectly conducting. In spite of the approximate nature of the relationship, the equations are usefbl in estimating cooling capability for various potential fin degsins.
The temperature rise required to -fer a given amount of heat from the fins depends upon the velocity of the air moving past the fins, and the air velocity in turn depends on the fin geometry and dimensions and on the mass air flow rate. The temperature rise for the geometry of cooling fins shown in figure 3 is related to these variables by the following equation:
Where ATfi,,*ir is the temperature rise of the fins above the air in the cooling ducts, CI is a constant depending on altitude and ambient temperature and Q is the total power being transferred, n and W are the number and width of ducts, z and L are the height and length of the fjns andfis the total air flow.
The f i n geometry and dimensions cannot be selected without considering their effect on the pressure required to force air through the fins. An approximate formula for estimating the pressure drop through cooling fins as a function of their dimensions is given below, Scott
Where Cz is a constant depending on altitude and ambient temperature and Ap the pressure drop through the f i n s .
6/2 f- Figure 3 Diagram showing a typical plate f i n heatsink
MODELLING OF CONDUCTION IN THE IGBT PACKAGE
A typical IGBT package will typically contain a number of individual IGBT devices plus their associated protection diodes. The exact temperatures of each device will therefore depend on the arrangement of the devices within the package. 3D modelling techniques are therefore necessary in order to evaluate the exact temperatures at which each die will operate at, but it is possible to estimate their temperatures fairly accurately using the highly simplified modelling approaches described in this section.
One-Dimensional Models
In structures encountered in electronic packages the area available for conduction along the thermal path is not normally uniform. Relationships have therefore been derived by, for example Ellison [1984] , which allow calculation of thermal resistances in such cases. In this instance the thermal resistance, R, of an individual layer within the package is estimated by integrating the following expression:
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Where tl, wI, t2, and wz are the dimensions of the two faces of the layer, L is the layer thickness and K is the thermal conductivity of material.
The overall package thermal resistance can then be estimated by summing the individual layer thermal resistances. It is worth noting however that the one-dimensional representation of the heat flow using equation 3 only approximately represents the spreading of heat in the lateral direction, and some judgement must be used to decide how far spreading occurs through each of the layers of the package.
Two-Dimensional Conduction Models
The one-dimensional heat transfer models, although useful for a quick assessment of the design, are limited in their use as heat spreading within the different layers is only roughly approximated. It is also difficult to satisfactorily model transient situations. More detailed models are therefore required to carry out further analysis on potential designs and to study the effect of power transients on the die temperature. Twodimensional axisymmetric FE models have therefore been developed which take into account conduction through the multilayer structure. Convective transfer to the environment from the base of the package is modelled using a uniform effective heat transfer coefficient which takes into account the effect of increased surface area due to the fins.
MODELLING CASE STUDY
A spreadsheet based analytical model of power semiconductor packages has been developed using the relationships given in previous section, thereby allowing a user to study the effects of different geometries, materials and air flow rates on the thermal performance. The spreadsheet model developed is divided into two sections. The first calculates the thermal resistances of each layer in the structure and uses these values to estimate the maximum allowable temperature at the base of the heatsink fins for the specified power and maximum junction temperature. The second part uses this idomtion to calculate the fin height requirements. The number of fins and f i n widths, etc. are parameterised so that the effect of different fin configurations can be studied. For each fin geometry, the pressure drop through the fins, and the weight and volume of the subsequent structure is also outputted in tabular and graphical form to allow the user to select the optimum design.
The spreadsheet program has been used to estimate the finning requirements for a proposed IGBTheatsink structure. The total power dissipation is spread equally over a number of IGBTs and their maximum allowable continuous junction temperature is 125OC. The devices are mounted on the package baseplate using an alumina DBC substrate. The heatsink is assumed to be cooled by air at the worst case specified by AlUNC-600, i.e. air at 70°C and with a flow rate of 220 kg/hr.kw and at an air pressure of 0.5 atmospheres. It is also assumed that the power is dissipated uniformly over the junction region on the top faces of the IGBTs. It can be seen from figure 6 that for this particular cooling system design, at switching frequencies above 15kHz only two of the chosen fin geometries satis@ the ARINC specification. The pressure drop axis has been limited to 300 Pa since for 2.8 mm pitch, 1.5 mm thick fins and 3.5mm pitch, 2mm thick fins, the pressure drop is far in excess of acceptable limits. Figures 5 and 6 clearly show that while a particular fin design may provide excellent heat transfer it may not be useable in practice due to the high pressure drop it will cause.
Axisymmetric models of similar structures have also been constructed. In this case the heat transfer coefficient calculated using the spreadsheet implementation of equation 1 was applied to the entire lower surface of the model. Figure 6 shows a contour map of the predicted steady state temperatures within this structure and, in this case, the predicted maximum junction temperature is 126OC in comparison with a maximum temperature of 125OC predicted using the analytical model. This model has also been used to perfom transient simulations on package designs in order to evaluate the additional temperature rises occurring during potential overload conditions. Figure 7 shows the predicted maximum junction temperature during a 5 second overload of approximately two times the normal, steady state, power dissipation. For this design the additional temperature rise of 5OoC takes the peak junction temperature to well over the maximum allowable short term temperature of 15OOC and design changes, such as the addition of further thermal mass, are being explored. 
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CONCLUSIONS
It has been shown that simple analncal models can be effectively used to carry out rapid design studies on air cooled, high power electronics packages. The steady state results from these models compare favourably with those from wind tunnel testing on prototype modules. These analfical models do not however provide a detailed representation of the effects of package layout on individual device temperatures and more complex 3D models will be necessary in order to allow the detailed assessment of the effect of these factors on the actual junction temperatures achieved.
